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ABSTRACT
Iron-Chromium-Aluminum (FeCrAl) thin films have been deposited on Zircaloy-2 (Zry2) and
yttria-stabilized zirconia (YSZ) by magnetron sputtering, and they have been tested with
respect to the oxidation weight gain in high temperature steam. In 700◦C steam environment,
the FeCrAl-coated Zry2 samples have significantly reduced the oxidation rate, compared to
the uncoated Zry2. Alumina was promoted for FeCrAl with high Al composition, and a
parabolic alumina growth rate under 700◦C steam exposure was quantified by AES depth
profile. Zirconia formation was inhibited by the FeCrAl coating. A thicker film proved
to be more protective, and delayed zirconia formation for a longer time. In 1100◦C steam
environment, a complete film loss was observed due to the low eutectic temperature (∼950◦C)
of the Fe-Zr binary system.
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CHAPTER 1
INTRODUCTION
Nuclear power provides 13% electricity power worldwide, and more and more nations are
showing stronger interest in nuclear energy. The expanding nuclear power demand drives
more advanced and safer nuclear power production. Especially after Fukushima Daiichi
accident in Japan, enhancing the accident tolerant of LWRs has become a serious topic
in nuclear industry. Fukushima highlights the serious potential problems associated with
the current fuel system, including accelerated hydrogen production rate, fast oxidation in
elevated temperature, and large amount of heat production associated with the oxidation.
This is motivating the development of more reliable fuel and cladding systems[1, 2, 3].
Fuel cladding is an active area of research. It represents the second engineering barrier
against the fission products release into the coolant. Zirconium alloys have been used as
claddings in the commercial LWRs since 1950s. Zircaloy-2 (Zry-2), in recrystallized (RXA)
condition, has been used in boiling water reactors (BWRs), and Zircaloy-4 (Zry-4), in stress-
relieved anneal (SRA) condition, has been used in pressurized water reactors (PWRs). The
heavy water-moderated CANDU reactor and the Russian VVER or RBMK reactor use Zr-
Nb alloys[1]. In addition to the cladding, structural components in nuclear reactors, such as
grids, guide tubes, and the end plates, may also be Zr-based alloys. Generally, Zircaloy forms
adherent oxide in the operational conditions in reactors. However, the oxidation of Zircaloy
in accident scenarios raises serious concerns, including the fast hydrogen production from
the Zr/steam reaction, rapid consumption of the ductile β-Zr phase, and large amount of
heat production from the rapid oxidation of Zr. All these phenomena threaten the integrity
of the cladding, and may potential induce the cladding failure.
Accident tolerant fuel (ATF) development as a primary part of the fuel cycle research
and development is initiated with the goal of identifying alternative fuel systems to enhance
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safety of the nuclear reactors[4]. There are three major categories of ATF development[5]:
1) modification of the current Zr-based cladding, 2) development of non-Zr cladding, 3)
application of an alternative fuel.
Modification of the current Zr-based cladding includes compositions modification[6] and
surface coating on Zircaloy. Advanced Zr-based alloys include M5, ZIRLO, and E110[6, 7].
Although these alloys show reduced oxidation rate and hydrogen uptake, they still have sig-
nificant heat production and potentially breakaway oxidation in the elevated temperature.
In addition, relative small amount of composition modification (less than 2%) is not ex-
pected to induce over 100-fold oxidation reduction[5]. Coatings on Zircaloy as an alternative
have been studied[8, 9, 10, 11, 12]. Multiple coatings have been proposed to reducing the
oxidation, such as Cr[8, 9, 10], silicon carbide (SiC)[11, 12] and Iron-Chromium-Aluminum
alloy (FeCrAl). Cr-coated Zircaloy significantly mitigates the oxidation in the operational
condition of LWRs as well as in the high temperature steam environment[8, 9, 10]. However,
the volatile Cr oxy-hydroxide formation in the steam environment might lead to linear oxi-
dation kinetics[2]. SiC is also employed as a coating to improve the cladding performance.
SiC is known to have high oxidation resistant, and low hydrogen generation rate, compared
to Zircaloy. In addition, SiC has higher radiation damage tolerance[11]. FeCrAl coating on
Zircaloy significantly mitigates oxidation, and it delays the Zr oxidation in high temperature
steam. However, low eutectic temperature (∼950◦C) of the Fe-Zr binary system[13] leads to
film lost at higher temperature.
Development of non-Zr based claddings with high strength and oxidation resistance is
another promising category of ATF. The monolithic materials that appear to be viable can-
didates so far are the FeCrAl alloy and SiC composites. FeCrAl forms alumina in high tem-
perature, and thus significantly reduces the oxidation rate in high temperature[3]. However,
the drawback of the FeCrAl cladding includes the higher permeation of tritium, compared
to Zircaloy cladding. This requires an additional system for the tritium removal due to the
potential radiation to the public in the case of the coolant leak or vapor venting[14]. In addi-
tion, oxide spallation was observed in the operational condition of PWRs[15]. SiC has high
oxidation resistant in high temperature, good radiation resistant, and low thermal neutron
absorption cross section[5]. However, the probable greatest challenge of SiC as claddings is
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that SiC sublimes/decomposes rather than melting if the conventional welding technique is
applied to hermetic sealing[16]. In addition, SiC is brittle, and it has lower thermal con-
ducitivity compared to Zircaloy, which might be problematic for the cladding material[17].
SiC may also form volatile silicon oxide or silicon hydroxide in the high temperature steam
environment. This poses a problem for the plant filtration system[16].
Application of an alternative fuel with improved performance and fission retention is also
proposed. However, the fuel system based on the existing Zircaloy has been studied and
developed for over 60 years. Therefore, dramatic improvement with respect to the accident
tolerant is unlikely[5].
The study presented here mainly focuses on the oxidation performance of Iron-Chromium-
Aluminum alloy surface coating on Zry2 under high temperature steam. Chapter 2 reviews
the literature of the existing Zircaloy cladding material and some promising ATF cladding
candidates, especially the monolithic FeCrAl. Chapter 3 introduces the experimental equip-
ments that were used in this study, including the deposition system and the micro-analytical
systems. Chapter 4 focuses on the results of the as grown and the post exposure FeCrAl-Zry2
and FeCrAl-YSZ systems. Chapter 5 is the discussion of the results. Chapter 6 presents the
conclusions of this study.
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CHAPTER 2
LITERATURE REVIEW
Pure Zr was proposed as LWR cladding material before the development of Zircaloy[18].
However the oxidation kinetics of pure Zr depends strongly on the grain orientation. Different
oxide growth rates of neighboring grains lead to stress buildup and the subsequent cracking.
This is addressed by adding the transition metals (Cr, Fe, Ni) into Zr to form second phase
particles.
Pure Zr has two crystal structures: hexagonal close-packed Zr (α-Zr) below 865◦C, and
body-centered cubic Zr (β-Zr) from 865◦C to the melting temperature at 1860◦C[19]. The
phase diagram of Zr-O binary system is shown in Figure 2.1 [20]. Oxygen stabilizes α-Zr
in elevated temperature with the maximum of 30 at% O solubility. Zr forms ZrO2 in the
oxidizing environments, and three phases of ZrO2 exist: monoclinic α-ZrO2/m-ZrO2 up to
1205◦C, tetragonal β-ZrO2/t-ZrO2 from 1205◦C to 2377◦C, and cubic γ-ZrO2/c-ZrO2 from
2377◦C to the melting temperature.
Zircaloy corrosion develops in three stages[21], as shown in Figure 2.2. In the pre-transition
regime, a thin, black, tightly adherent oxide film develops, and the growth rate follows quasi-
cubic rate kinetics. In the transitory stage, the corrosion with the quasi-cubic rate kinetics
repeats at shorter and shorter time intervals. In the post-transition/breakaway regime,
linear rate kinetics are observed. The oxide film breakaway is usually accompanied by the
transition of the non-stoichiometric black zirconia into the grey stoichiometric zirconia[22].
In the pre-transition stage, oxide with certain orientations grow preferentially, which leads
to a columnar crystalline structure[23]. In the transitory regime, cracks parallel to the
free surface develop in the oxide film. The oxide consists of alternate dense oxide and
porous/cracked oxide. This observation is consistent with the cyclical oxidation. Each
cycle consists of the ‘pre-transition-like’ quasi-cubic oxidation kinetics followed by the ‘post-
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Figure 2.1. Oxygen-Zirconium binary phase diagram[20].
Figure 2.2. Three regimes oxidation of Zircaloy in aqueous environment: pre-transition,
transitory, and post-transition[21].
5
transition-like’ linear oxidation kinetics. A tentative mechanism was proposed to explain the
cyclical oxidation[24]. Diffusion of the oxygen anion in ZrO2 is more rapid than Zr cation.
This leads to the inward growth of ZrO2[25]. ZrO2 has a Pilling Bedworth ratio of 1.56
and large compressive stress builds up at the oxide/metal interface as oxide grows. As the
critical stress is reached, oxide film buckles or cracks. The cracks expose fresh surface and
lead to a rapid corrosion. Subsequent oxidation might seal some cracks, and a new cycle
starts.
The change-over from the transitory regime to post-transition regime is termed as break-
away, and linear rate kinetics are observed. Two major mechanisms have been proposed to
explain the breakaway, mechanical breakaway and allotropic transformation. The mechani-
cal breakaway results mainly from the stress buildup in the brittle oxide. There are multiple
sources of stress production: 1) the volume expansion of zirconia with the high Pilling Bed-
worth ratio[26]; 2) the localized rapid oxidation due to the second phase particles[27, 28].
The transformation of t-ZrO2 to m-ZrO2 was also proposed to explain the breakaway.
T-ZrO2 is believed to be more protective, and its transformation to m-ZrO2 phase reduces
protection. Stress relaxation[29, 30] and grain growth[31] are proposed to lead to the trans-
formation. T-ZrO2 is believed to be a stress-stabilized phase, and the initial oxide at the
metal/oxide interface is dominantly t-ZrO2, stabilized by large stresses[32]. However, as
oxide grows, the stress of the outer oxide relaxes, which induces the transformation to the
m-ZrO2[29, 30]. In addition, grain size of t-ZrO2 was observed to be less than 30nm, and
it is proposed that t-ZrO2 is not stable above 30nm, and that the grain growth leads to the
transformation[31].
The performance of Zircaloy cladding in accident scenarios is of serious concern. For
example, in the loss of coolant accident (LOCA) scenarios, the coolant capacity is lost,
and the cooling relies on the steam without the low pressure refloods. However, the heat
transfer coefficient of cladding with steam drops four orders of magnitude[2]. Although the
reactor is shutdown in the accident scenarios, the decay heat of the nuclear fuels, and the
enthalpy from Zr oxidation causes the reactor temperature to increase. At the elevated
temperature, the enthalpy production of Zr/steam reaction (586kJ/mol), may dominate the
decay heat[33]. Current international safety regulations for LOCAs scenarios specify that
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Figure 2.3. Cross section of the layered structure of Zircaloy cladding tube during LOCA
sequence[6].
the cladding oxide layer should be less than 15-17% of the cladding thickness, which is ∼100
microns oxide thickness[13]. However, in high temperature steam, oxide grows rapidly. For
example, 100µm ZrO2 layer forms on Zry4 in less than 20 minutes in the 1200
◦C steam
environment[34]. Hence, the oxidation of cladding must be mitigated, especially in the
elevated temperature.
Cladding becomes a layered structure in the LOCAs scenarios, as shown in Figure 2.3[6].
ZrO2 develops on the outer surface. Underneath the oxide is the oxygen stablized α-Zr(O),
and the β-Zr layer is at the innermost layer, which is the load bearing layer. The ductility
of cladding tube decreases as the oxide grows. The integrity of the cladding is threatened
as ZrO2 and the oxygen-rich α-Zr phase grow with the consumption of β-Zr during the
oxidation. The inner pressure buildup from the fission gases release and the subsequent
quenching may lead to cladding balloning and bursting[6]. This releases fission products
into the coolant.
High temperature steam exposure leads to the rapid oxidation of Zr, fast heat generation
rate, hydrogen gas production, and the consumption of ductile metal in favor of brittle oxide.
All these phenomena potentially induce claddings failure[19]. ATF campaign was initiated
with the goal to enhance the safety of nuclear reactors. Four main desired properties of
ATF cladding are anticipated in addition to the good performance under the operational
condition. These include low enthalpy input, low hydrogen production, high mechanical
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Table 2.1. Compositions (weight %) of multiple advanced Zr-based alloys.
Alloy Tin Iron Chromium Nickel Niobium
Zircaloy-2 1.50 0.12 0.10 0.05 –
Zircaloy-4 1.50 0.20 0.10 – –
ZIRLO 1.02 0.10 – – 1.01
M5 – 0.05 0.015 – 1.0
E110 – – – – 0.95-1.05
DX-D4 0.5 0.5 0.2 – –
strength, and high retention of fission products.
As mentioned above, ATF cladding development is categorized by two major directions,
modification of current Zr-based alloy and development of non-Zr based alloy. Modification
of Zr based alloy includes composition modification and the surface coating on Zircaloy.
Multiple advanced Zr-based alloys are being studied. Table 2.1 shows the major alloying
components of four advanced Zr based alloys, ZIRLO from Westinghourse, M5 and Duplex
DX-D4 from AREVA, and E110 from Russia[6, 7], and two commercial alloys, Zircaloy-
2 and Zircaloy-4. Compared to Zry2 and Zry4, these advanced alloys significantly reduce
oxidation rate and H pickup at the temperature up to 1000◦C, but they become comparable in
higher temperature[35]. In addition, heat production is still significant, and the pronounced
breakaway were also observed for these advanced alloys[7].
Surface coatings on Zircaloy are alternative to improve the oxidation resistant. Study of
Cr and SiC coating on Zircaloy are on-going by other groups[8, 36, 12]. Chromium coat-
ing have been deposited on Zircaloy by different techniques, such as PVD[9], and 3D laser
coating[8]. Chromium coatings from both techniques show significant lower weight gain in
the high temperature steam environment, and produce less hydrogen, compared to uncoated
Zircaloy[9]. 3D laser coating has a faster deposition rate than PVD, but the homogeneity
of the coating may be difficult to achieve. Silicon carbide coatings on Zircaloy have also
been studied[11, 12]. Silicon carbide has attractive properties, such as high oxidation resis-
tant, high radiation resistant, and low hydrogen generation rate. Silicon carbide coating on
Zircaloy leads to significant lower weight gain in high temperature steam[12]. However, the
lack of adhesion problem is pronounced, especially for a thick coating over 10 µm, which is
attributed to the different thermal expansion between the coating and the substrate[12].
8
In terms of non Zr-based monolithic cladding, FeCrAl and SiC composite are the most
promising cladding alloys. The most common studied FeCrAl has the compositions of 73%Fe-
22%Cr-5%Al (wt%) and 82%Fe-13%Cr-5%Al (wt%) with some reactive elements addition.
The Cr composition is decreased to 13% to avoid embrittlement due to the Cr-rich α′ phase
formation under irradiation[37, 38]. Most of the current studies on FeCrAl were performed
over 900◦C. Passive alumina is promoted on the surface in high temperature, and FeCrAl
demonstrates much better oxidation response, compared to the Zr based alloys[3, 39, 40].
To understand FeCrAl performance in high temperature, alumina formation needs to be
studied. Al2O3 has multiple phases: stable phase (α-Al2O3) and transient phases (θ- γ-
δ-Al2O3). The phase that forms on FeCrAl mainly depends on the temperature and the oxi-
dizing environment. Generally, stable α-Al2O3 preferentially develops in higher temperature,
and it is believed to have better protection than the transient phases. The transient phases
usually grow rapidly in lower temperature and thus they are porous[39, 41, 42, 43, 44, 45].
In fact, oxidation kinetics in higher temperature (950◦C) was observed to be slower than in
lower temperature (850◦C). This indicates different Al2O3 formation and their correspond-
ing protective properties[45, 46]. Transient phases can transform into stable α-Al2O3 in the
prolonged exposure[46, 47]. However, transient Al2O3 and the porosity are stabilized by
the steam[41]. This occurs by hydroxides OH− attaching on the transient Al2O3, and the
surface hydroxylated transient Al2O3 has a negative surface energy[41, 48]. The stability of
transient alumina in a wet environment could result in a higher oxidation kinetics than in a
dry environment.
The oxidation resistance of FeCrAl relies on the Al2O3 formation. However the growth
mechanism of Al2O3 is not well understood[49]. The oxygen and aluminum diffusion in Al2O3
depend on multiple factors, such as environment, temperature, alloy composition, impurity,
and grain size. Whether inward or outward growth of alumina depends on the cation and
anion diffusion rate in the Al2O3 scale[50, 51]. Multiple attempts and techniques have been
applied to investigate the mechanism. Some studies observed that the Al diffusion is faster in
both the bulk and the grain boundary, and outward alumina growth is dominant[52, 17, 53].
Some reported the growth mechanism is dominant by the inward oxygen diffusion[54]. Others
illustrated the duplex oxide structure formation. This indicates the equivalent importance
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of O inward diffusion and Al outward diffusion[41, 48, 55, 56, 57].
The duplex oxide structure is reported by the most work. It consists of a Cr rich band
sandwiched by two alumina layers. The top layer is an outward growing equiaxed Al2O3
oxide film. It is usually a transient Al2O3 layer in the initial stage[58], and it could transform
to the stable α-Al2O3 depending on the oxidizing environment. Iron and Chromium are
dispersed in this oxide layer, with more Fe dissolved within the alumina grains, while more
Cr in the grain boundaries. These alloy elements are believed to incorporate in the scale
during early oxidation[43, 59]. In addition, Cr segregates at Al2O3 grain boundaries and
blocks Fe diffusion channels to prevent the nodular iron oxide formation, which otherwise
occurs in the binary FeAl alloy system[60]. The middle layer is a thin continuous Cr-rich
band which represents pre-exposure free surface. It consists of nano-size particles with
either Fe or Cr concentrated, which are oxidized at the early stage of the oxidation before
a continuous alumina layer develops on the top. The bottom layer is the inward growing
columnar α-Al2O3. Al2O3 in this layer is purer than the outer oxide layer, with almost no
Cr, Fe solutes[61]. The alumina growth on FeCrAl follows a parabolic rate kinetics in high
temperature from the weight gain measurement[39]. However, the growth rate was observed
to deviate to slightly lower kinetics in prolonged exposure due to the columnar alumina
formation and thus the decreased density of grain boundaries[39, 62].
FeCrAl composition is an important factor with respect to oxidation kinetics. To form a
continuous Al2O3 surface oxide, Al should be above 2 wt%[63]. Below the critical compo-
sition, Fe/Cr oxide or Fe/Cr spinel dominates, and FeCrAl has a poor oxidation response
in this case[43, 63]. However, Al composition is limited by the weldability[64, 38]. Cracks
develop during welding if the Al composition is too high. Increasing Cr composition could
decrease the critical Al concentration to form continuous alumina surface layer[65, 66]. Both
Cr2O3 and α-Al2O3 are hcp structure, and it is proposed that Cr2O3 acts as a nucleation
center for α-Al2O3, and facilitates α-Al2O3 formation[67]. Figure 2.4[38] illustrates the criti-
cal composition of Cr and Al at 1200◦C steam to form protective alumina layer. It is evident
that by increasing Cr composition, critical Al composition to from protective alumina de-
creased. However, lower Cr (<13%) would be preferred to avoid embrittlement due to the
Cr-rich α′ phase formation under irradiation[37, 38].
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Figure 2.4. Critical Composition of Cr and Al to form protective alumina at 1200◦C
steam[38].
In addition to high temperature, FeCrAl also shows much lower weight gain in the oper-
ational condition of PWRs than Zircaloy-4[15]. Iron oxide (primarily α-Fe2O3) develops at
the surface, and pores at the oxide/metal interface were observed. The porosity formation is
attributed to the void coalescence. Stronger outward diffusion of Fe than O inward diffusion
is accompanied by vacancy inward diffusion. These vacancies coalesce to form pores, and
these void might be responsible to the spalling that was observed after 30 days exposure[15].
Commercial FeCrAl alloys include reactive elements such as Y, Zr to improve the oxi-
dation resistant and the adherence of the aluminum oxide film[54, 58, 68, 69, 70]. Several
mechanisms have been proposed to explain the effect of Y addition[54, 58]: 1) Yttrium oxide
in the alumina scale provides excess interfaces for vacancy condensation. Otherwise, va-
cancies might coalesce at the oxide/metal interface, and induce the spallation. 2) Yttria in
the alumina grain boundaries suppresses the Al outward diffusion and mitigates the lateral
stress buildup in the scale. The reduced stress in the scale prevents or delays the oxide
buckling and spallation. 3) Yttria particles in the alumina layer penetrate into the metallic
layer, and improve the bonding between the oxide and metal[47, 71]. Zirconium in FeCrAl
improves the adhesion of alumina scale, which is attributed to the prevention of Cr carbide
formation at grain boundaries[68]. However the effect of Zr to the oxidation kinetics is not
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well-understood. Inconsistent observations were reported by different studies[68, 69, 70].
Some studies reported that Zr segregated in the alumina grain boundaries, slowing down Al
outward diffusion, and thus the oxidation rate[69]. On the other hand, Wessel reported that
ZrO2 inclusion in the scale induced equiaxed grain growth and the higher grain boundary
density accelerated the oxidation[68].
A desired property for cladding is the retention of fission products. Tritium permeation
through FeCrAl was characterized[14]. Tritium, produced by the ternary fission, is chem-
ically identical to hydrogen. Its permeation through FeCrAl is higher than Zircaloy. Two
possible ways to reduce the permeation are proposed: increase Cr composition or apply a
tritium barrier such as alumina[14].
FeCrAl failure mechanisms have been studied and they are categorized into two groups[72,
73]: Intrinsic Chemical Failure (InCF) and Mechanical Induced Chemical Failure (MICF).
InCF occurs when the metallic Al concentration drops below the critical limit, and Cr/Fe
oxidizes. MICF occurs when large stress buildup in the oxide scale or at the oxide/metal
interface, which induces oxide spalling, crack networking, or buckling. Buckling, as shown
in Figure 2.5, results from the compressive stress of the lateral growth of the oxide. Inward
diffusion O and outward diffusion Al react and form additional oxide within the Al2O3 scale.
As oxide continues to form, lateral stress inside the alumina scale increases. Once the stress
reaches a critical limit, the scale buckles and breaks. This exposes the inner metallic surface
and accelerates oxidation[54, 74].
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Figure 2.5. Lateral oxide growth of FeCrAl to produce convoluted morphology and
potential film cracking[54].
A SiC-SiC composite material is an alternate promising cladding materials. SiC-SiC
composite is composed of monolithic SiC with a fiber reinforced CVD SiC coating. A fiber
reinforced SiC is deposited on SiC matrix, which otherwise suffers low fracture toughness,
and is not appropriate to apply in nuclear reactors[75]. However, the bonding between the
SiC fiber and SiC matrix need to be optimized. If the bonding is too strong, the interface
will not impede the crack growth, but the fiber delamination may occur if the bonding is
too weak[76].
Silicon carbide has superior properties to Zircaloy in multiple aspects[16], such as low
thermal neutron absorption, high oxidation resistant, and irradiation stability. Oxidation
of SiC cladding in steam environment involves oxide formation on the surface, and oxide
ventilation[17]. Due to the volatility of the silica, equivalent cladding reacted (ECR) is
used to characterized the oxidation performance, which is defined as the reacted cladding
thickness to the original thickness. In high temperature steam, the oxidation kinetics is
orders magnitude lower than Zircaloy-4[17, 77].
In addition, SiC retains stability under neutron irradiation[78]. Irradiated SiC experiences
swelling, and both irradiation temperature and irradiation dose affect the swelling. Mini-
mum swelling was observed at around 1000◦C, and higher swelling was observed at lower
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temperature and high temperature[75]. This indicates different swelling mechanism at differ-
ent temperature. At temperature below 200◦C, the swelling is due to the amorphization. In
temperature between 200◦C to 1000◦C, the effect of point defects accumulation dominates,
and the vacancy coalescence effect dominates in higher temperature[79]. Radiation dose also
affects the swelling. Higher dose induces higher swelling, but it saturates at certain dose as
Figure 2.6 shows[75]. Thermal conductivity is affected by the swelling, and it was measured
at different neutron dose and irradiation temperature as Figure 2.7 shows[75]. The thermal
conductivity of irradiated SiC decreases significantly, but it also saturates as figure shows.
However, the possible greatest challenge of SiC as cladding is sealing as SiC sublimes before
melting if the conventional welding technique is applied. In addition, SiC is intolerable to
plastic deformation. Therefore, a larger gap is needed between the pellet and cladding to
avoid the interaction, which affects thermal conductivity[17].
Figure 2.6. SiC swelling at different irradiation temperature and neutron dose[75].
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Figure 2.7. Thermal conductivity of SiC at different irradiation temperature and neutron
dose[75].
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CHAPTER 3
EXPERIMENTAL METHODS AND TECHNIQUES
To characterize the oxidation performance of the FeCrAl film, FeCrAl was deposited on
polished Zry2 coupons and YSZ substrates using magnetron sputtering. The coated samples
were exposed to 700◦C and 1100◦C steam environment in the NEITZCH Jupiter 441 STA
for the weight gain measurement, and the post-exposure samples were investigated using
various microanalytical techniques, including Scanning Electron Microscope (SEM), Energy-
Dispersive X-ray Spectroscopy (EDS), Auger Electron Spectroscopy (AES), X-ray Diffraction
(XRD), Scanning Transmission Electron Microscopy (STEM). All microanalytical equipment
was located in the Frederick Seitz Material Research Laboratory at the University of Illinois,
at Urbana Champaign. This chapter presents the descriptions of the magnetron sputtering
system and the microanalytical techniques.
3.1 Sample preparation
The Zircaloy-2 plates were supplied by ATI Specialty Alloys and Compounds. The re-
crystallized material has the nominal Zry2 composition for BWR application and were β-
quenched with the thickness of 1.5 mm. Samples were cut into 10x10 mm2 coupons and
mechanically polished. They were first polished using P1200 SiC grit paper, and then pol-
ished with 9 µm MetaDi Supreme Diamond from Buehler, followed by 3µm MetaDi Supreme
Diamond. The final polishing used 0.05µm Syton from Sigma Aldrich. The epi-polished YSZ
substrates were supplied by MTI Corporation. Samples were single side epi-polished to the
roughness of 0.5nm, a standard specification for epitaxial growth. Before the thin film depo-
sition, Zry2 and YSZ substrates were ultrasonically cleaned with acetone and then methanol
for 15 minutes before deposition.
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3.2 Magnetron sputtering system
FeCrAl thin films were deposited using the magnetron sputtering system, as shown in
Figure 3.1. The details of this sputtering system are described in Ref.[80]. Three targets
were used in this study: 1) FeCrAl alloy with the atomic concentration of 62/4/34; 2)
53/29/18; and 3) 86/10/4. The base pressure of the chamber is on the order of 10−8 Torr.
The deposition procedure is described as follow: samples were annealed under the base
vacuum at 350◦C for 2 hours, followed by 300◦C for 30 minutes before the deposition.
During the deposition, gate valve (GV) was partially opened at GV=470. Argon gas of
either 10 sccm or 4 sccm flow rate was introduced into the chamber from the chamber
wall. The chamber pressure was 4 mTorr for 10 sccm Ar flow rate and 2 mTorr for 4 sccm.
DC power supplies (MDX500) from Advanced Energy were used for all three sputter guns.
Current controlled mode was set during the deposition with the current ranged from 100mA
to 300mA depending on the expected growth rate. To improve the uniformity of the thin
film, the inconel stage was rotating during the deposition.
Deposition parameters were monitored and recorded during the film growth, including
power, voltage, current, Ar flow rate, and partial pressure of different gas. and they are
summarized in the appendix. Table A.1 is deposition parameters of FeCrAl on Zry2/YSZ.
Oxidation tests that were performed are summarized in Table B.1, and all micro-analysis
that have been applied on the as grown and the post exposure FeCrAl are summarized in
Table C.1. For convinience, a subset of the samples are shown in the table 3.1, which are
the most studied samples in this study.
The deposition rate is controlled by the chamber pressure and the sputter gun power. At
lower pressure, sputtered atoms have longer mean free path, and more atoms are able to
diffuse to and condense onto the substrate. Thus, the deposition rate is higher. However,
the pressure should be above the threshold to maintain the plasma. Figure 3.2a shows the
deposition rate of 62/4/34 FeCrAl at different pressure. It is evident that lower pressure
leads to higher deposition rate. To maintain the plasma, the pressure should be above
1mTorr in this sputtering system. The working pressure in this study is either 2mTorr or
4mTorr depending on the expecting film thickness.
17
Figure 3.1. The magnetron sputtering system.
In addition to pressure, current also affects the deposition rate. At higher current, more
power is transferred to the plasma, and more target atoms are sputtered, thus the deposition
rate increases. Figure 3.2b plots the deposition rate of 62/4/34 FeCrAl target at different
current up to 0.3 Ampere. As shown in the figure, the deposition rate increases linearly with
the current. To avoid target overheat, the depositions were done at up to 0.3 Ampere in this
study.
The topography of the film deposited by the sputtering is usually similar as that of the
substrate. The substrate Zry2 was polished using the 0.05µm silica as the final polishing,
and the as grown 62/4/34 FeCrAl film on Zry2 is flat. The plan view SEM image of 62/4/34
FeCrAl film on Zry2 is shown in Figure 3.3a. The grain size of the FeCrAl film is approx-
imately 200nm. To determine the film thickness, FeCrAl films were deposited on single
crystal Si along with Zry2/YSZ, and the film thickness was determined based on the cross
section images of the thin film on Si. SEM cross sectional image of 62/4/34 FeCrAl on Si
is shown in Figure 3.3b. The thickness of the FeCrAl film is 1.1 µm. Columnar structure of
the as grown film is evident from the cross section image.
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(a) Pressure effect. (b) Current effect.
Figure 3.2. Deposition rates as a function of pressure and current of 62/4/34 FeCrAl. a)
Deposition rate as a function of pressure at 0.2 Ampere. The pressure was controlled by
the gate valve opening and Ar flow rate. Lowering the pressure increases the deposition
rate. b) Deposition rate as a function of current at 2mTorr. FeCrAl deposition rate is a
linear function of current.
(a) Plan view. (b) Cross section.
Figure 3.3. As grown 62/4/34 FeCrAl thin film. a) Plan view image of 62/4/34 FeCrAl on
Zry2. b)Cross section image of 62/4/34 FeCrAl on Si. Columnar grain structure is evident
from the cross section image. The film thickness from the cross section view is ∼1100nm,
and grain size from the plan view is ∼200nm.
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3.3 Simultaneous thermal analyzer (STA)
A NEITZCH jupiter 441 STA was used for steam exposure. It allows weigh gain measure-
ments during the exposure, with the accuracy of the order of 10−2mg. For reference, weight
gain of 1-25 mg were typically observed for samples exposed at 700◦C steam in this study.
The system was heated at the rate of 15◦C/min to the desired temperature, and ultra high
purity Ar was introduced into the system during the heating to minimize oxidation. Steam
started to flow into the system at a rate of 2g/hr after the isothermal hold for 20 minutes
at the desired temperature.
3.4 Scanning electron microscopy (SEM)/ Energy-dispersive
X-ray spectroscopy (EDS)
SEM was used to study morphology of as grown and post-exposure FeCrAl films. The
incident electrons interact with the sample, and generate secondary electrons (SE), back-
scattering electrons (BSE), characteristic X-ray, and cathodoluminescene. SE are generally
less than 100eV and sensitive to the surface morphology. BSE are generated from the elastic
scattering of electrons with specimen atoms. The contrast of BSE images comes from the
atomic number difference; heavy element back-scatters electrons more strongly, and thus
appear brighter. EDS spectrum, mapping, and line scanning were performed to obtain
chemical information. Two SEM instruments were used in this study, a Hitachi S4700 high
resolution instrument, and a JEOL 6060LV general purpose instrument. The Hitachi SEM
has higher resolution; it uses a cold field emission gun with a 1.5nm resolution at 15kV and
is equipped with an Oxford instrument ISIS EDS X-ray Microanalysis System. The JEOL
SEM uses a pre-centered W hairpin filament, with a 3.5nm resolution at 30kV, and it can be
operated in a low vacuum mode, which is useful for analyzing non-conducting samples. This
SEM is equipped with an Oxford Instrument ISIS EDS system. Incident electrons energy
less than 20keV were used in this study. Lower incident energy reduces the charging effects
of the insulated sample and demonstrates more surface detail.
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3.5 Focused ion beam (FIB)
FIB is a tool that directs a focused ion beam toward a sample to cut a cross section, or
to make a TEM sample by sputtering away atoms from the surface. A Gallium ion sputter
source is typical used. The FEI Dual Beam 235FIB was used in this study to prepare the
STEM sample. This instrument is a combination of the Schottky thermal field emission
scanning electron microscope and the 30keV scanning gallium metal ion beam microscope
with current ranged from 1pA to 40nA. To protect the surface layer, A Pt layer was deposited
on the surface before milling.
3.6 Scanning transmission electron microscopy (STEM)
Scanning Transmission Electron Microscopy (STEM) combines the principles of TEM and
SEM. STEM requires a very thin sample and measures the transmitted electrons. STEM
scans a very finely focused beam of electrons across the thin specimen in a raster pattern. It
is used to study the local microstructure and composition of material from micrometer level
down to atomic level. JEOL 2010F STEM was used in this study. It is an energy filtering,
field-emission analytic STEM with a Schottkey field emitter, and it is ideal for small probe
work at 200kV with a 0.18nm resolution. The system is capable of EDS using the Oxford
INCA 30mm ATW detector.
3.7 Auger electron spectroscopy (AES)
AES is an analytical technique that allows for the calculation of absolute atomic concentra-
tion as a function of depth. AES depth profiling relies on two techniques, the compositional
analysis via emitted Auger electrons from surface, and sputtering. By alternating these two
techniques, atomic concentration as a function of depth is obtained. As an incident elec-
tron knocks out an inner shell electron, an outer shell electron fills the vacancy. Instead of
emitting the characteristic X-ray, an outer shell electron could absorb the energy and get
ejected. The emitted electron is the Auger electron. Each atom has characteristic auger
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electron energies which allow for the spectroscopy. The AES system used in this study is
Physical Electronics PHI 660. The electron gun is a coaxial LaB6 filament electron gun.
5keV electrons were used to analyze the composition. The size of the analysis electron beam
is 300nm × 300nm, and the current ranges from 50nA to 200nA. Lower current was typically
used for the non-conductive material. A differential pumped Ar ion gun was used for sput-
tering. The sample normal is at 30-60 degree with respect to the electron beam, depending
on the extent of insulation. The elements analyzed in this study includes Fe (699eV), Cr
(528eV), Al (1378eV), Zr (147eV), O (505eV), with the energy peaks in the parenthesis.
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Table 3.1. Steam exposure sample identification matrix
Sample ID
Compositions
Fe/Cr/Al[at%]
Thickness[A˚] Exposure Environment
Analysis
Techniques
Zry2-6A 62/4/34 6000 700◦C Steam, 15 hr
STA/SEM
EDS/AES
Zry2-7A 62/4/34 3000 700◦C Steam, 10 hr
STA/SEM
STEM/EDS
AES
Zry2-9A 86/10/4 3000 700◦C Steam, 15 hr
STA/SEM
EDS/AES
Zry2-10A 71/7/22 6000 700◦C Steam, 15 hr
STA/SEM
EDS/AES
Zry2-11A 53/29/18 3000 700◦C Steam, 15 hr
STA/SEM
EDS/AES
Zry2-13A 0/0/0 0 700◦C Steam, 15 hr STA
Zry2-12A 62/4/34 9000 700◦C Steam, 3.7 hr
STA/SEM
EDS/AES
Zry2-15A
62/4/34 9000
700◦C Steam, 2 hr
STA/SEM
EDS/AES
Zry2-15B 700◦C Steam, 0.5 hr
STA/SEM
EDS/AES
Zry2-20A 62/4/34 11000 1100◦C Steam, 0.5 hr
STA/SEM
EDS/AES
Zry2-23A
62/4/34 11000
700◦C Steam, 6 hr
STA/SEM
EDS/AES
Zry2-23B 700◦C Steam, 5 hr
STA/SEM
EDS/AES
Zry2-23C 700◦C Steam, 2 hr
STA/SEM
EDS/AES
Zry2-23D 700◦C Steam, 0.5 hr
STA/SEM
EDS/AES
Zry2-23E 700◦C Steam, 10 hr
STA/SEM
EDS/AES
YSZ-1B
62/4/34 5700
700◦C Steam, 0.5 hr SEM/EDS
YSZ-1C 700◦C Steam, 3.5 hr SEM/EDS
YSZ-2A 62/4/34 5700 1100◦C Steam, 2.5 hr SEM/EDS
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CHAPTER 4
RESULTS OF HIGH TEMPERATURE STEAM
EXPOSURE
FeCrAl/Zry2 systems have been exposed to 700◦C and 1100◦C steam environment. Weight
gain was measured during the exposure. SEM, STEM, EDS and AES were applied to study
the oxidation performance. In the 1100◦C steam, film loss occurred due to the low eutectic
temperature of the binary Fe-Zr system at around 950◦C. To eliminate Fe-Zr interaction
in the FeCrAl/Zry2 system, FeCrAl/YSZ systems have been exposed to 700◦C and 1100◦C
steam environment, and they were studied by SEM and EDS. FeCrAl film on YSZ did not
loss in the 1100◦C steam.
4.1 SEM/STEM/EDS
Different compositions FeCrAl (62/4/34, 71/7/22, 53/29/18, and 86/10/4) have been de-
posited on Zry2, and they have been exposed to 700◦C steam environment for 15 hours. The
weight gain was measured during the exposure, and they are shown in Figure 4.1[81]. Three
compositions FeCrAl (62/4/34, 71/7/22, and 53/29/18) resulted in significantly lower nor-
malized weight gain compared to uncoated Zry2. The fourth composition FeCrAl (86/10/4)
with low Al/Cr concentration had a poor oxidation response.
To understand the physical response of the FeCrAl films under 700◦C steam exposure,
SEM was performed for the surface topography. Figure 4.2 shows the morphology of the
post exposure FeCrAl films. Three FeCrAl films with high Al composition (62/4/34, 71/7/22
and 53/29/18) show similar topography that porosity or surface pitting developed. Cross
sectional STEM images later in this section demonstrate that these are pores beneath the
alumina layer, not surface pitting. The size of pore is approximately 1 µm for these FeCrAl
films. For the 86/10/4 FeCrAl film, which has lowest Al and Cr contents in this study, cracked
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Fe2O3 developed under 700
◦C steam exposure, as shown in Figure 4.2d. The cracks exposed
fresh surface to the oxidizing environment, which facilitated oxidation. This observation is
consistent with its poor oxidation response.
SEM was applied to observe the micro-structure of the post-exposure FeCrAl film. Fig-
ure 4.3 shows the surface morphology of 300nm 62/4/34 FeCrAl after 10 hours exposure in
700◦C steam. This sample with the dimension of 2x7mm2 was cut from a large 10x10mm2
sample after the film deposition, so the edges were uncoated. The morphology at the side
is different from the central region. The side shows flaky plate oxide morphology due to the
edge uncoated effect, and the center shows the porous morphology with the average pore
size of ∼1 µm. To better illustrate the microstructure in the central region, a cross section
STEM sample was made by FIB with the width and height of 20 µm × 15 µm, and the
thickness of ∼100nm. The cross section STEM image is shown in Figure 4.4b. EDS was
performed on the cross section STEM sample for elemental composition, and the results
are shown in Figure 4.4c and Figure 4.4d. The STEM images illustrate the post exposure
layered structure. The pores are confined within the FeCrAl film under the Al2O3 layer, and
∼2.2 µm ZrO2 layer formed. Intermetallic particles (Fe,Zr) developed in the ZrO2 layer. In
addition to EDS measurement on the cross section, EDS mapping was performed on the free
surface of the sample, and the result is shown in Figure 4.5. Higher Zr but lower Fe, Cr,
and Al concentrations are observed in the pore regions. As less volume of the FeCrAl film
material is above the underlying ZrO2 in these regions, the penetration depth of incident
electrons is larger and extends to the zirconia layer.
To understand the microstructure development with time, 62/4/34 FeCrAl films with
two different thickness were exposed for different times: 1) 900nm FeCrAl films, exposed
to 700◦C steam for 0.5 hour, 2 hours and 3.7 hours; 2) 1100nm FeCrAl films, exposed to
700◦C steam for 0.5 hour, 2 hours, 5 hours, 6 hours and 10 hours. Figure 4.6 shows the
surface morphology of 900nm FeCrAl after the exposure, and Figure 4.7 shows the surface
morphology of 1100nm FeCrAl after the exposure. The density of the pores increased with
time, but the size of pores remain ∼1 µm, as shown in the high magnification image in
Figure 4.6d. For each sample, pore densities are different between the two sides, as shown in
Figure 4.7. The different pore densities on two sides might result from the sample orientation
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in the STA during the oxidation with one side exposed to more steam than the other. It is
noted that cracks also developed on the 1100nm FeCrAl film.
In addition, FeCrAl-Zry2 system was tested under the 1100◦C steam environment. 1100nm
62/4/34 FeCrAl was exposed to the 1100◦C steam for 0.5 hour. Figure 4.8a is the EDS
spectrum of the post exposure sample. The spectrum only shows Zr peak, but no Fe, Cr or
Al peaks. This indicates the film lost during the exposure. Figure 4.8b shows the eutectic
surface morphology.
To avoid the interaction of FeCrAl and the substrate Zr, FeCrAl-YSZ system was studied
under 700◦C and 1100◦C steam environments. 62/4/34 FeCrAl with the thickness of 570nm
was exposed to 700◦C steam for 0.5 hour and 3.5 hours. Similar to the FeCrAl-Zry2 system,
porosity also developed, and the density increased with time, as shown in Figure 4.9. The
difference from the FeCrAl-Zry2 system after 700◦C steam is the pore size. In the FeCrAl-
YSZ system, the pore size varies from 200nm to over 2µm, compared to 1µm in the FeCrAl-
Zry2 system.
62/4/34 FeCrAl-YSZ was expose to 1100◦C steam for 2.5 hours, and the film shows two
distinct morphologies, flaky and granular oxide products, as shown in Figure 4.10a. EDS
mapping in Figure 4.10b illustrates the phase separation, with Fe concentrated in the flaky
oxide region (region 1), and Al concentrated in the granular oxide region (region 2). Elemen-
tal composition analysis was performed on these two regions. Figure 4.10c and Figure 4.10d
are the spectra of the Fe-rich flaky region, and the Al-rich granular region respectively. The
compositions of both regions are shown in Table 4.1, and they are consistent with the formula
of AB2O4 spinel, where there is 57 at% (4/7) oxygen and 43 at% (3/7) cation. FeAl2O4 and
Fe2AlO4 were indexed in the X-ray diffraction pattern by Mouche[81]. More importantly,
the FeCrAl film on the YSZ was not lost during the 1100◦C steam exposure.
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Figure 4.1. Normalized weight gain measurement on the FeCrAl film during 700◦C steam
exposure. Four different compositions FeCrAl-Zry2 (64/4/34, 71/7/22, 53/29/18, and
86/10/4) are shown in comparison with uncoated Zry2 (Zry2-13A)[81].
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(a) 62/4/34, 600nm, 15 hours steam. (b) 71/7/22, 600nm, 15 hours steam.
(c) 53/29/18, 300nm, 15 hours steam. (d) 86/10/4, 300nm, 15 hours steam.
Figure 4.2. Morphology of FeCrAl films with four different compositions exposed in 700◦C
steam for 15 hours. FeCrAl films with high Al composition (62/4/34, 71/7/22 and
53/29/18) developed porosity, as shown in (a)Zry2-6A, (b)Zry2-10A, and (c)Zry2-11A. For
low Al/Cr composition FeCrAl (86/10/4), cracked iron surface oxide developed, as shown
in (d)Zry2-9A.
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(a) The overall image. (b) The transition region.
(c) The side. (d) The center.
Figure 4.3. The morphology of the 300nm 62/4/34 FeCrAl (Zry2-7A) after 10 hours
exposure at 700◦C steam. Flaky iron oxide formed at the side due to the uncoated edge,
and the porosity developed at the center.
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(a) A pore underneath alumina. (b) Cross section STEM image.
(c) (Chemical analysis on the ZrO2 plus
(Fe,Zr) layers.
(d) Chemical analysis on the FeCrAl film
and the top ZrO2 layers.
Figure 4.4. Plan view and cross section images of the porous 62/4/34 FeCrAl (Zry2-7A)
with the thickness of 300nm after 10 hours exposure at 700◦C steam. (a)A pore is under
an alumina layer. (b) Cross section STEM image illustrates that the porosity is confined
within the FeCrAl film underneath the alumina layer. The top layer of TEM sample is
amorphous Pt layer deposited to facilitate the lift-out procedure in FIB. 45nm Al2O3 layer
formed, and 2.2 µm Zr substrate oxidized into ZrO2. Intermetallic particles (Fe,Zr) are
mixed in the ZrO2 layer, shown as bright phase in the cross section STEM image.
Elemental compositions on the cross section are shown in (c) and (d).
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Figure 4.5. EDS mapping on the 62/4/34 FeCrAl (Zry2-7A) with the thickness of 300nm
after 10 hours exposure at 700◦C steam. Less volume of the FeCrAl film material is in the
pores, and more incident electrons are able to penetrate deep into Zr substrate, and to
generate Zr characteristic X-ray. Therefore, It shows stronger Zr signal at the pore regions.
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(a) 0.5 hour steam. (b) 2 hours steam.
(c) 3.7 hours steam. (d) 2 hours steam; high magnification.
Figure 4.6. Morphology of the 62/4/34 FeCrAl with the thickness of 900nm
(Zry2-12/Zry2-15) exposed in 700◦C steam. (a) 0.5 hour steam exposure (Zry2-15B); (b) 2
hours steam exposure (Zry2-15A); (c) 3.7 hours steam exposure (Zry2-12A). Porosity
density increases with time, but the pore size remains at ∼1 µm. High magnification image
of 2 hours steam exposure FeCrAl is shown in (d).
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(a) 0.5 hour steam, less porosity side. (b) 0.5 hours steam, more porosity side.
(c) 2 hours steam, less porosity side. (d) 2 hours steam, more porosity side.
(e) 5 hours steam, less porosity side. (f) 5 hours steam, more porosity side
Figure 4.7. Morphology of the 62/4/34 FeCrAl with the thickness of 1100nm (Zry-23)
exposed in 700◦C steam. (a) and (b) are 0.5 hour steam exposure (Zry2-23D); (c) and (d)
are 2 hours steam exposure (Zry2-23C); (e) and (f) are 5 hours steam exposure (Zry2-23B);
(g) and (h) are 6 hours steam exposure (Zry2-23A); (i) and (j) are 10 hours steam
exposure (Zry2-23E). Porosity developed with time, but less pores developed compared to
the thinner FeCrAl film. More pores are observable at one side than the other, probably
due to the sample orientation in the STA.
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(g) 6 hours steam, less porosity side. (h) 6 hours steam, more porosity side.
(i) 10 hours steam, less porosity side. (j) 10 hours steam, more porosity side.
Figure 4.7. (continued)
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(a) EDS spectrum of post steam exposure. (b) Morphology of post steam exposure.
Figure 4.8. The morphology and the EDS spectra of 1100nm 62/4/34 FeCrAl (Zry2-20A)
after 1100◦C steam exposure for 0.5 hour. (a) EDS spectrum only shows Zr peak, but no
Fe, Cr, and Al peaks. (b) Eutectic morphology of the exposed sample. FeCrAl film was
lost on Zry2 due to the Fe-Zr eutectic.
(a) 0.5 hour steam. (b) 3.5 hours steam.
Figure 4.9. Morphology of 62/4/34 FeCrAl on YSZ (YSZ-1B/1C) with the thickness of
570nm exposed in 700◦C steam. (a) Morphology of 62/4/34 FeCrAl after 0.5 hour steam
exposure (YSZ-1B). (b)Morphology of 62/4/34 FeCrAl after 3.5 hours steam exposure
(YSZ-1C). Porosity developed with time. The pore size varies from 200nm to over 2µm.
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(a) Morphology. (b) EDS mapping.
(c) Spectrum of Fe-rich flaky oxide. (d) Spectrum of Al-rich granular oxide.
Figure 4.10. Morphology and EDS spectrum and mapping on the 570nm 62/4/34 FeCrAl
on YSZ (YSZ-2A) under 1100◦C steam exposure for 2.5 hours. Phase separation is
observed on YSZ-2A in (a) and (b). The spectrum of Fe-rich flaky oxide region is shown in
(c). The spectrum of Al-rich granular oxide region is shown in (d).
Table 4.1. EDS elemental composition analysis on two oxides of 62/4/34 FeCrAl-YSZ
(YSZ-2A) after 1100◦C steam exposure for 2.5 hours.
Element Composition Atomic %
Flaky oxide region 1
Fe2AlO4
Granular oxide region 2
FeAl2O4
As grown
FeCrAl
O 56.0 59.7 –
Al 6.7 26.6 34
Cr 2.1 1.3 4
Fe 34.1 7.8 62
Zr 1.1 4.6 –
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4.2 AES
AES depth profiles of as grown and post exposure FeCrAl films are presented in this sec-
tion. Figure 4.11a is the depth profile of as grown 62/4/34 FeCrAl film on Zry2. It is noted
that the AES composition of the as grown film has higher Fe but lower Al concentration than
the target composition. However, the composition of the FeCrAl film is the same as the sput-
ter target composition, 62/4/34. The EDS spectrum is shown in Figure 4.11b. The different
compositions from two different techniques result from the systematic error associated with
the Al preferential sputtering during AES analysis[82]. Sputtering will preferentially eject
light atoms, enhancing the concentration of heavy atoms. AES is sensitive to the surface
composition, thus shows higher Fe concentration over Al. Refer to the Appendix D for more
detail of preferential sputtering.
Four FeCrAl compositions (62/4/34, 71/7/22, 53/29/18, and 86/10/4) have been tested
under 700◦C steam environment. The depth profiles of the as-grown and the post-exposure
FeCrAl are shown in Figure 4.12. Three FeCrAl with high Al composition (62/4/34, 71/7/22,
and 53/29/18) promoted Al2O3 formation, and the fourth FeCrAl (86/10/4) with lower
Al/Cr concentration developed Fe2O3 surface oxide. Figure 4.12c and Figure 4.12d are the
depth profiles of 600nm 62/4/34 FeCrAl after 15 hours exposure in 700◦C steam (Figure 4.12c
is the surface 2µm profile of the Figure 4.12d to magnify the profile of Al2O3 and the film
layer). Alumina was promoted on the surface with the thickness of 200nm. Underneath
the alumina layer is the oxide of the FeCrAl film. ZrO2 formation was observed beneath
the FeCrAl film with the thickness of 5 µm, which is mixed with the intermetallic (Fe,Zr)
particles. Below the ZrO2, a layer with the stoichiometry consistent with the α-Zr-O solid
solution phase developed. Similar oxide formation was observed for the 300nm 62/4/34
FeCrAl after 10 hours exposure as shown in Figure 4.12e and Figure 4.12f.
Figure 4.12g and Figure 4.12i are the AES depth profiles of the as grown 71/7/22 FeCrAl
and 53/29/18 FeCrAl on Zry2, and Figure 4.12h and Figure 4.12j are the depth profiles after
15 hours exposure in 700◦C steam. Alumina also developed on these two FeCrAl films in
700◦C steam environment. It is noted that in these post exposure profiles of FeCrAl with
high Al composition, oxygen concentration in the film is lower than in the ZrO2 layer, which
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suggests uphill diffusion of oxygen into the ZrO2 layer.
The 86/10/4 FeCrAl film has the lowest Al/Cr composition in this study. Fe2O3 scale
developed on the surface under the 700◦C steam exposure, and Al and Cr were segregated
at the film/substrate interface, as shown in Figure 4.12a.
A systematic study of the Al concentration effect with regard to the alumina formation
was not performed. Instead, one composition FeCrAl (62/4/34) that did perform well with
respect to weight gain measurement was selected for extensive study to understand the
FeCrAl depth profile development. Two sets of FeCrAl films were exposed to 700◦C steam
for different time. 1) 62/4/34 FeCrAl with the thickness of 900nm. Figure 4.13 are the AES
depth profiles of the as grown FeCrAl film, and the FeCrAl after 0.5 hour, 2 hours, and 3.7
hours steam exposure. 2) 62/4/34 FeCrAl with the thickness of 1100nm. Figure 4.14 are
the AES profiles of the as grown FeCrAl film, and the FeCrAl after 0.5 hour, 2 hours, 5
hours, 6 hours, and 10 hours steam exposure. To estimate the ZrO2 thickness, two deeper
profiles of 0.5 hour and 2 hours exposure were measured and shown in Figure 4.14g and
Figure 4.14h. Al2O3 developed and grew with time. Aluminum inward diffusion into the
substrate was observed. Aluminum tends to accumulate near the film/substrate interface
inside the Zr substrate, and it forms an plateau after 2 hours, which is obviously illustrative
in Figure 4.14h. Significant diffusion of Fe into the Zr substrate was also observed with
the development of intermetallic phase FeZr2. This observation is in agreement with the
monolithic FeCrAl of Terrani et al.[13]. Iron diffused ∼3.5 µm deep into the Zr substrate
after 0.5 hour, and ∼6 µm after 2 hours exposure in 700◦C steam, as shown in Figure 4.14g
and Figure 4.14h. Chromium was segregated below the alumina layer, and its concentration
inside the film increased with time.
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(a) AES depth profile. (b) EDS spectrum.
Figure 4.11. AES depth profile and EDS spectrum on as grown 62/4/34 FeCrAl on Zry2
(Zry2-23) with the thickness of 1100nm. EDS was done at 20keV. The EDS composition is
62/4/34, and it is in agreement with the target composition. AES measurement
over-predicts Fe relative to Al due to the preferential Al sputtering.
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(a) 86/10/4, 300nm; 15 hours steam. (b) 62/4/34, 600nm; as grown.
(c) 62/4/34, 600nm; 15 hours steam. (d) 62/4/34, 600nm; 15 hours steam.
Figure 4.12. AES depth profiles of the as grown and post-700◦C-steam-exposure FeCrAl
with different compositions. (a)300nm 86/10/4 FeCrAl after 15 hours steam exposure
(Zry2-9A). (b)600nm as grown 62/4/34 FeCrAl (Zry2-6). (c)partial profile of 600nm
62/4/34 FeCrAl after 15 hours steam exposure (Zry2-6A). (d)deeper profile of 600nm
62/4/34 FeCrAl after 15 hours steam exposure (Zry2-6A). (e)partial profile of 300nm
62/4/34 FeCrAl after 10 hours steam exposure (Zry2-7A). (f)deeper profile of 300nm
62/4/34 FeCrAl after 10 hours steam exposure (Zry2-7A). (g)600nm as grown 71/7/22
FeCrAl (Zry2-10). (h)600nm 71/7/22 FeCrAl after 15 hours steam exposure (Zry2-10A).
(i)300nm as grown 53/29/18 FeCrAl (Zry2-11). (j)300nm 53/29/18 FeCrAl after 15 hours
steam exposure (Zry2-11A). All the as grown FeCrAl depth profiles over predict Fe relative
to Al. FeCrAl films with high Al composition (62/4/34, 71/7/22, and 53/29/18) promoted
alumina formation, while FeCrAl with low Ar/Cr composition (86/10/4) formed iron
surface oxide. Longer AES measurement was performed on Zry2-6A (d) and Zry2-7A (f).
Underneath the ZrO2 layer, Zr(O) with 30 at% oxygen solution was observed.
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(e) 62/4/34, 300nm; 10 hours steam. (f) 62/4/34, 300nm; 10 hours steam.
(g) 71/7/22, 600nm; as grown. (h) 71/7/22, 600nm; 15 hours steam.
(i) 53/29/18, 300nm; as grown. (j) 53/29/18, 300nm; 15 hours steam.
Figure 4.12. (continued)
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(a) As grown 62/4/34, 1100nm. (b) 0.5 hour, 700◦C steam.
(c) 2 hours, 700◦C steam. (d) 3.7 hours, 700◦C steam.
Figure 4.13. AES depth profiles of as grown and post-700◦C-steam-exposed 62/4/34
FeCrAl with thickness of 900nm (Zry2-12/15). (a)As grown 62/4/34 FeCrAl. (b)0.5 hour
exposure at 700◦C steam(Zry2-15B); (c)2 hours exposure at 700◦C steam(Zry2-15A);
(d)3.7 hours exposure at 700◦C steam(Zry2-12A). Alumina grew with time, and significant
Al and Fe diffusion across the film/substrate interface was observed.
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(a) As grown 62/4/34, 1100nm. (b) 0.5 hour, 700◦C steam.
(c) 2 hours, 700◦C steam. (d) 5 hours, 700◦C steam.
Figure 4.14. AES depth profiles of as grown and post-700◦C-steam-exposed 62/4/34
FeCrAl with the thickness of 1100nm (Zry2-23). (a)As grown FeCrAl on Zry2-23; (b)0.5
hour exposure (Zry2-23D); (c)2 hours exposure (Zry2-23C); (d)5 hours exposure
(Zry2-23B). (e)6 hours exposure (Zry2-23A); (f)10 hours exposure (Zry2-23E); (g)deeper
profile of 0.5 hour exposure (Zry2-23D); (h)deeper profile of 2 hours exposure (Zry2-23C);
Alumina grew with time, and significant Al and Fe diffusion across the film/substrate
interface was observed. deeper AES measurements were done on 0.5 hour exposure FeCrAl
(Zry2-23D) in (g) and 2 hours exposure FeCrAl (Zry2-23C) in (h). Iron inward diffusion
was observed with the intermetallic phase FeZr2 formation. Iron diffused 3.5 µm deep into
Zr substrate in 0.5 hour, and 6µm in 2 hours. Aluminum tended to accumulated near the
film/substrate interface in the Zr substrate as shown in (h).
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(e) 6 hours, 700◦C steam. (f) 10 hours, 700◦C steam.
(g) 0.5 hour, 700◦C steam. (h) 2 hours, 700◦C steam.
Figure 4.14. (continued)
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CHAPTER 5
DISCUSSION
FeCrAl films of varying compositions have been exposed to 700◦C steam environment.
FeCrAl with low Al composition formed surface cracked iron oxide. Our observation is
consistent with the work of others[63] that FeCrAl with low Al composition (below 4 at%)
does not develop a continuous Al2O3 layer. FeCrAl with high Al concentration (above
18 at%) promoted Al2O3 formation. Alumina thickness is largely determined by the Al
composition and the film thickness. Table 5.1 lists the AES alumina thickness of FeCrAl
with high Al concentration. As expected, higher Al composition or a thicker film formed a
thicker alumina layer. The 62/4/34 FeCrAl had a thickest alumina layer. This is consistent
with its lowest weight gain in 700◦C steam environment. However, the 71/7/22 FeCrAl had
a thinner alumina layer but same weight gain as 62/4/34. This may be due to the different
Al2O3 phase formation.
The thickness of the FeCrAl film played an important role in delaying the on-set of Zr
oxidation. Figure 5.1a and Figure 5.1b compare the AES depth profiles of 62/4/34 FeCrAl
with different film thicknesses (1100nm versus 300nm) after 700◦C steam exposure for 10
hours. The oxidation of the underlying Zr to form zirconia was observed for the 300nm
FeCrAl film. However, zirconia formation was inhibited by the 1100nm FeCrAl.
Significant diffusion of Fe into the Zr substrate was observed before ZrO2 formation. As
Table 5.1. The thickness of alumina scale on FeCrAl with different compositions under
700◦C steam exposure.
Sample ID Zry2-6A Zry2-10A Zry2-11A
Film thickness [A˚] 6000 6000 3000
FeCrAl film composition [at%] 62/4/34 71/7/22 53/29/18
Exposure time [hrs] 15 15 15
Al2O3 thickness [A˚] 1800 1000 450
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shown in Figure 4.14; Fe diffused 3.5 µm deep into Zr in 0.5 hour, and 6µm after 2 hours
exposure in 700◦C steam environment, forming intermetallic FeZr2 phase. However, after
ZrO2 formation, Fe in the ZrO2 layer diffused outward to the FeCrAl film or inward to
the ZrO2/α-Zr(O) interface. Figure 5.1b and Figure 5.1d show the depth profile and the
cross section image of 62/4/34 FeCrAl after 10 hours exposure at 700◦C steam environment.
The ZrO2 layer was separated into three regions based on the Fe concentration. The top
1 µm ZrO2 contained ∼5 at% Fe. In the middle 1 µm layer, ZrO2 was mixed with the
intermetallic particles (Fe,Zr), and ∼ 10 at% Fe was observed in this region. In the bottom
200nm ZrO2, Fe concentration decreased to below 5 at%. In the longer exposure (15 hours),
the middle ZrO2 layer with high Fe concentration became thinner and Fe concentration
inside the FeCrAl film increased, as shown in the AES depth profile in Figure 5.1c. This
observations indicates Fe back diffusion from the ZrO2 layer to the FeCrAl film induced by
the zirconia formation. In addition, Fe segregated at the ZrO2/α-Zr(O) interface. Small
bumps of Fe concentration were observed at the ZrO2/α-Zr(O) interface in the depth profiles.
This observation suggests that Fe in ZrO2 layer also diffused inward and it segregated at
the ZrO2/α-Zr(O) interface.
There are two possible explanation for the reduction of Fe in ZrO2 layer. ZrO2 layer
became thicker during the exposure. The intermetallic particles were dispersed in a thicker
zirconia layer, which decreased the Fe concentration in the ZrO2 layer. However, this is not
consistent with the observation that Fe concentration in the film increased as ZrO2 formed.
The second explanation is that FeZr2 started to decompose after zirconia formation, and
Fe solubility in ZrO2 is low driving Fe away from the ZrO2 layer.
It is noted that the AES scale in Figure 5.1b is not in an agreement with the STEM
image in Figure 5.1d. For example, in the STEM image, the thickness of the ZrO2 layer
is ∼2.2 µm, but it is ∼3 µm from the AES scale. The difference results from the potential
sources of systematic error associated with the AES depth scale. The AES depth scale was
determined from the sputter time scale by assuming the constant sputter rate throughout the
measurement, and by setting the half Zr depth as the film/substrate interface. Although the
AES depth scale of this sample can be calibrated based on this STEM image, AES scale of
other samples cannot. Therefore, all AES depth scales were determined the same way, with
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the potential sources of the systematic error with respect to the depth scale acknowledged.
The 62/4/34 FeCrAl film had the lowest oxidation kinetics in the 700◦C steam environment
in this study. Al2O3 was promoted on the surface, and it grew with time. The parabolic
growth kinetics of Al2O3 on FeCrAl-Zry2 was quantified based on the AES results. Figure 5.2
plots the alumina thickness versus square root of the exposure time. The solid boxes are the
AES Al2O3 thickness of 1100nm FeCrAl, and the open boxes are the AES Al2O3 thicknesses
of 900nm FeCrAl. A linear function of alumina thickness versus square root of time was
observed with the rate constant of 2.3 × 10−13g2/cm4/s. However, as mentioned above,
it is difficult to calibrate the depth scale from the sputter time in the AES measurement,
and there are potential sources of systematic error. Therefore, to calibrate the alumina
thickness, profilometer measurements were performed on the AES craters terminated at the
Al2O3/FeCrAl interface of 6 hours and 10 hours exposed FeCrAl. 6 hours and 10 hours
were two of the longest exposed time, and thicker alumina layers were expected. However,
rougher topography were observed for these prolonged exposure FeCrAl, and associated
errors were expected in the profilometer measurement. The profilometer Al2O3 thicknesses
are shown as circles in the Figure 5.2. The profilometer parabolic rate constant is quantified
to be 6 × 10−14g2/cm4/s, a factor of four lower than the AES result. We also compare
our Al2O3 growth kinetics of FeCrAl film to the monolithic FeCrAl of others [3, 59] in
Table 5.2. The rate kinetics at 700◦C from Pint[3] is extrapolated from the Arrhenius plot
from 1000◦C to 1200◦C, assuming that the activation energy is constant, and it is calculated
to be 2.8×10−14g2/cm4/s at 700◦C. However, there may be error from the extrapolation if the
kinetics changes at the lower temperature regime. The rate kinetics from Josefsson[59] was
measured at the dry O2 environment. The significant lower kinetics suggests the detrimental
effect of steam to the FeCrAl oxidation, compared to dry O2. The profilometer rate kinetics
is in a better agreement with the monolithic FeCrAl of Pint[3]. This indicates that our AES
depth scale resulted in slightly conservative alumina growth kinetics.
Pores formed during the 700◦C steam environment, and were confined within the FeCrAl
film under the Al2O3 layer, as shown in Figure 5.1d. Porosity was also observed in the
oxidized monolithic FeCrAl[41]. Various mechanisms were proposed to explain the void
formation in the alumina-forming alloys in the high temperature oxidation[83]: 1) the vol-
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(a) 62/4/34 1100nm, 10 hours steam. (b) 62/4/34 300nm, 10 hours steam.
(c) 62/4/34 600nm, 15 hours steam. (d) 62/4/34 300nm, 10 hours steam.
Figure 5.1. Comparison among 62/4/34 FeCrAl film exposed for different time in 700◦C
steam environment. (a)AES depth profile of 1100nm 62/4/34 FeCrAl (Zry2-23E) after 10
hours exposure in 700◦C steam. (b)AES depth profile of 300nm 62/4/34 FeCrAl (Zry2-7A)
after 10 hours exposure in 700◦C steam. (c)AES depth profile of 600nm 62/4/34 FeCrAl
(Zry2-6A) after 15 hours exposure in 700◦C steam. (d)STEM cross section image of 300nm
62/4/34 FeCrAl (Zry2-7A) after 10 hours exposure in 700◦C steam. Comparison of
1100nm (a) versus 300nm FeCrAl (b) shows zirconia formed only in the thinner FeCrAl
film after 10 hours exposure in 700◦C steam. Oxidation of underlying Zr is completely
inhibited by the thicker FeCrAl film. Iron inward diffusion into the Zr forms FeZr2 before
the zirconia formation. Iron diffuses away from the ZrO2 to the FeCrAl film and to the
ZrO2/α-Zr(O) interface after the zirconia formation. The intermetallic particles (Fe,Zr) is
shown as bright phase in the cross section image.
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Figure 5.2. Alumina parabolic growth rate of 62/4/34 FeCrAl in 700◦C steam. The boxes
plotting symbols are from the AES depth profile measurements (filled boxes: 1100nm
FeCrAl, open boxes: 900nm FeCrAl), and the circle symbols are from profilometer
measurements.
Table 5.2. Comparison of Al2O3 growth kinetics of different works.
∆m =
√
Kpt
Kp=Doexp(-Ea/kT)
Kp [700
◦C]
[g2/cm4/s]
Al2O3 thickness [nm]
at 700◦C for 6 hours
References
Pint[3] 2.8× 10−14 132
Josefsson[59] 1× 10−15 25
This work
AES 2.3× 10−13 360
Profilometer 6× 10−14 180
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ume contraction associated with the transient γ-Al2O3 to α-Al2O3 transformation; 2) rapid
growth of transient Al2O3; 3) vacancy coalescence. However, the first two explanations are
not consistent with our observation that the pores were confined within the FeCrAl film.
Pore formation is therefore attributed to vacancy coalescence resulting from the Kirkendall
effect. Aluminum outward diffusion to form surface alumina must be accompanied by the
counter flow of the inward vacancies diffusion. And the vacancies coalesced to form voids
underneath the Al2O3 layer.
The binary Fe-Zr system has an eutectic temperature at 950◦C[13]. This caused a complete
FeCrAl film lost on Zry2 in the 1100◦C steam exposure. However FeCrAl-YSZ system is not
subjected to the low temperature Fe-Zr eutectic, and film did not lose on the YSZ at 1100◦C.
YSZ is very stable zirconia. Strong interdiffusion of Fe, Zr across the FeCrAl/YSZ interface
is not expected. Therefore, Fe-Zr eutectic could be eliminated, and the high temperature
exposure can be studied for the FeCrAl film. However, noted that the result might not be
representative for the FeCrAl thin film on Zry2, but this indicates the possible utility of a
stable buffer layer to eliminate Fe-Zr eutectic for the FeCrAl-Zry2 system.
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CHAPTER 6
CONCLUSION
FeCrAl films with different compositions have been deposited on Zircaloy-2 to improve
the oxidation resistance at high temperature steam environment. Weight gain was measured
at 700◦C steam environment in STA, and SEM, STEM, EDS and AES were applied to
characterize the micro-structure and chemical distribution of post-exposed FeCrAl films.
Conclusions of the oxidation performance of FeCrAl films were made as following:
1. FeCrAl films on Zry2 resulted in significant lower weight gain under the 700◦C steam
exposure, compared to uncoated Zry2. The oxidation resistance depended greatly on the
Al composition. FeCrAl with low Al content (4 at%) had high weight gain in the exposure,
and it formed surface Fe2O3 layer. FeCrAl film with high Al composition promoted alumina
formation. It significantly reduced the weight gain, and delayed Zr oxidation. A thick
(1.1 µm) FeCrAl film proved to be more protective than a thin film (0.3 µm). It delayed the
zirconia formation by over 10 hours in 700◦C steam environment.
2. Parabolic Al2O3 growth kinetics was quantified for the 62/4/34 FeCrAl film under 700
◦C
steam environment, and the rate constant was determined to be 2.3× 10−13g2/cm4/s based
on AES depth profiles. However, due to the systematic error of AES depth scale calibration,
the oxide growth kinetics might be lower. The rate constant measured by profilometry is
6× 10−14g2/cm4/s.
3. Porosity was developed on the FeCrAl with high Al concentration (62/4/34, 71/7/22
and 53/28/19). Pores were confined within the FeCrAl film beneath the alumina layer. The
porosity formation was attributed to the Kirkendall effect. Outward diffusion of Al for Al2O3
formation was accompanied by the counter flow of vacancies, and the vacancies coalesced to
form pores with the size of 1 µm.
4. FeCrAl film adheres well to the Zircaloy-2 substrate, and delamination of FeCrAl film
51
was not observed under 700◦C steam exposure up to 15 hours. It is believed that diffusion
of Fe and Al into the Zry2 substrate improves the bonding.
5. FeCrAl film loss was observed at 1100◦C steam exposure due to the eutective tem-
perature at 950◦C of the binary Fe-Zr system. However, the FeCrAl-YSZ system was not
subjected to the low temperature eutectic. This suggests the possible utility of a stable
buffer layer (e.g. Cr2O3 or Al2O3) to eliminate the eutectic. In addition, application of the
binary Chromium-Aluminum film is also expected to address the eutectic.
In summary, this study demonstrates the viability of the FeCrAl coating to mitigate the
oxidation in the 700◦C steam environment. However, for the temperature above the eutectic
of binary Fe-Zr system, complete film loss was observed. In the future work, a buffer layer
will be deposited between the FeCrAl film and Zircaloy to eliminate Fe-Zr interaction, or
the binary Chromium-Aluminum film on Zry2 system will be studied.
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APPENDIX A
DEPOSITION PARAMETERS OF FeCrAl
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APPENDIX B
OXIDATION TESTS PERFORMED ON THE
FeCrAl-ZRY2 AND FeCrAl-YSZ SYSTEMS
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APPENDIX C
ANALYSIS TECHNIQUES APPLIED ON
FeCrAl-ZRY2 AND FeCrAl-YSZ
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APPENDIX D
PREFERENTIAL SPUTTERING
Sputtering will preferentially eject light atoms, leaving a surface enriched with the heavier
species. This occurred during sputtering in AES measurements in this study. The depth of
the altered layer is estimated to be the penetration depth of the primary sputter ions. In
this study, 3keV Ar+ ions were used for AES sputtering and its penetration depth is ∼5nm,
as shown in the SRIM result in Figure D.1, i.e. the composition of surface 5nm layer was
different from the bulk during sputtering. The AES measurement is only sensitive to ∼10nm
surface layer, which is only twice as thick as the altered layer. Therefore, as Al is preferential
sputtered from the surface in AES, Fe concentration is enhanced.
The preferential Al sputtering also occurs on the FeCrAl target during the film deposition,
and the FeCrAl target becomes Al depleted in the near-surface region. Figure D.2 shows a
used FecrAl target. EDS was performed on the target racetrack (the deeper erosion circle
on the target) at different incident electron energy to examine the element distribution in
depth. The maximum electron penetration depth at different incident energy in 62/4/34
FeCrAl is shown in Figure D.3. The incident electron energy ranged from 9keV to 30keV
in the EDS measurement, and the penetration depth ranges from ∼300nm for 9keV to
∼2.3 µm for 30keV, assuming that the density of FeCrAl is 7g/cm3. The result of the EDS
composition on the FeCrAl target racetrack at different incident electron energy is shown
in Figure D.4a, along with the EDS/AES composition of the as grown 62/4/34 FeCrAl
film. Lower Al concentration is observed at the lower incident electron energy of EDS
measurement. This indicates the Al depletion due to the preferential Al sputtering during
the film deposition. The EDS composition of the target at the 9keV incident energy is closer
to the AES composition of the FeCrAl film. This suggests the Al preferential sputtering on
the FeCrAl film during the AES measurement. Moreover, radial composition distribution
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Figure D.1. 3keV Ar+ penetration depth in 62/4/34 FeCrAl with the assumed density of
7g/cm3. The incident electron beam is at 60◦ with respect to FeCrAl surface normal. The
penetration depth is ∼5nm, and the composition in this layer could be different from the
bulk due to the preferential sputtering.
of the FeCrAl target was also measured, and it is shown in Figure D.4b. Al depletion is
observed on the surface of the entire target. Although Al depletion on the surface is observed
for the FeCrAl target, the composition of the deposited film is the product of the composition
of altered surface layer and the sputter yield of different atoms. The steady state flux of the
sputtered atoms must equal to the target composition based on the atomic conservation.
Therefore the composition of the as grown film is expected to be equal to the sputter target.
Figure D.2. The sputter FeCrAl target (62/4/34).
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Figure D.3. Primary electrons penetration depth in FeCrAl, assuming the density is
7g/cm3. 99% electron intensity is attenuated by the depth shown in the plot.
(a) Composition distribution in depth. (b) Radial composition distribution.
Figure D.4. Elemental distribution of the 62/4/34 FeCrAl target measured by EDS.
(a)EDS measurement at the racetrack at different incident electron energies. EDS with
lower incident energy shows more surface detail, and Al depletion is observed at the near
surface region (b) Radial composition distribution was measured at 20keV. Al surface
depletion is observed of the entire target. Race track is at ∼1.4cm from the center.
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